ABSTRACT During amphibian epimorphic limb regeneration, local injury produces metabolic changes that lead to cellular dedifferentiation and formation of a blastema, but few details of these changes have been elucidated. Here we report the first global proteomic analysis of epimorphic regeneration comparing the profiles of abundant proteins in larval limbs of the anuran Xenopus laevis (stage 53) at the time of amputation (0dPA) and 3 days post-amputation when the regeneration blastema is developing (3dPA). We identified and quantified 1517 peptides, of which 1067 were identified with high peptide ID confidence. Of these 1067 proteins, 489 showed significant changes in quantity between the two groups. Taking into account identical peptides whose fold changes were within 20%, and not including peptides whose fold changes were below the observed fold changes of peptides for the internal standard (chicken lysozyme), we were able to identify 145 peptides elevated in 3dPA relative to 0dPA and 220 peptides in 0dPA relative to 3dPA. In this report, we focus on those proteins that were elevated in the 3dPA tissue relative to 0dPA. In this class were members of the annexin family (e.g. ANXA1, ANXA2, ANXA5) and the ANXA2-binding partner S100A10, which have important immunoregulatory roles in other systems and were also shown to be differentially expressed in stage 53 and 57 3dPA and 5dPA blastemas in our previous microarray studies. Besides elucidating the possible modulation of inflammation during amphibian limb regeneration, our proteomic study also provides insight into dedifferentiation by revealing up-regulation of proteins known to characterize many stem cells.
Introduction
Among tetrapods, only urodeles such as salamanders and larval anurans have the ability to fully regenerate amputated limbs. The initial phase of regeneration includes wound closure by epidermal migration to form a wound epidermis and the reaction of deeper limb tissues to the amputation trauma. This reaction leads to the thorough remodeling of the tissues' extracellular matrices (ECM). In late larval anuran or adult urodele limbs this occurs concomitantly with histolysis, tissue and cellular dedifferentiation, and reversion of the cells to a mesenchymal state (Stocum, 2006) . The mesenchymal cells proliferate to form the regeneration blastema out of which the missing portion of the limb develops in a process of epimorphic regeneration. Proliferation in the limb stump requires signaling from the apical wound epithelium and trophic factors from regenerating axons, but ECM Int. J. Dev. Biol. 53: 955-969 (2009) tion in larval Xenopus has been the subject of similar molecular screens (Ishino et al., 2003; Tazaki et al., 2005) . These and other studies have identified a large number of inflammatory and immune-related genes active during the early phase of regeneration. Expression of several genes with well-known roles in modulation of inflammation and immunity, including suppressor of cytokine signaling-3 (SOCS3), stress-inducible tumor rejection antigen gp96 (TRA1), fibrinogen-like protein 2 (FGL2), myeloid differentiation factor 88 (MyD88), and complement 3 (C3), was found by qPCR to be strongly up-regulated locally within one day after amputation in Xenopus (Grow et al., 2006) .
Possible roles for other specific components of innate immunity have also been uncovered during both limb and lens regeneration in adult newts. Both systems involve local synthesis of complement C3 and C5 (Kimura et al., 2003) . Thrombin and tissue factor (which is involved in conversion of prothrombin to thrombin) have been shown to be important for dedifferentiation of muscle fibers in regenerating limbs (Kumar et al., 2004) and pigmented epithelial cells in lens regeneration (Imokawa et al., 2004) . These and other aspects of immune involvement in regeneration have recently been reviewed (Godwin and Brockes, 2006; Mescher and Neff, 2006) .
As another approach to investigate cellular activities in amputated limbs during the early phase of regeneration, we have undertaken proteomic analyses of larval Xenopus hindlimb stumps at premetamorphic stage 53 when essentially complete regeneration is possible. Proteomic data obtained from these regenerating limbs at this developmental stage can be compared directly with our previous molecular screens of limb regeneration. The major goals of the study were to examine changes in the proteome of the developing limb that are triggered by amputation and to gain further insight into the role of inflammatory activity occurring locally in the limb stump three days after amputation.
The results extend findings from our screens of gene activity during limb regeneration (King et al., 2003) identifying immunerelated genes expressed locally as a regeneration blastema is formed (Grow et al., 2006) . Among the proteins we found to be most elevated in concentration after amputation are several members of the annexin family of highly conserved Ca 2+ and phospholipid binding proteins important for many aspects of membrane organization and membrane traffic. The protein with one of the highest observed fold-changes (FC), annexin-1 (ANXA1), which mediates the anti-inflammatory activity of glucocorticoids (Wu et al., 1995) plays a major role in the resolution of inflammation (Perretti and Flower, 2004; Scannell et al., 2007) . Since ANXA1 is upregulated in response to spinal cord injury (Liu et al., 2007) and in the regenerating salamander spinal cord (Monaghan et al., 2007) where it may play neuroprotective and anti-inflammatory roles (Solito et al., 2008) it has great interest for the field of regenerative biology. Other abundant proteins found to be strongly up-regulated after amputation include specific keratins with roles in cytoprotection and growth regulation during wound closure, some of which have been previously implicated in the control of blastema growth. The results highlight the importance of local inflammation and its resolution during the initial phase of limb regeneration, when dedifferentiation and early events of blastema formation are underway.
Results

Statistically significant proteins in regenerating blastemas
In order to identify proteins whose levels are higher in the regeneration-competent limb in response to amputation, we carried out mid-zeugopodial amputations of stage 53 hindlimbs, a stage at which gene expression during regeneration has been analyzed previously (King et al., 2003; Grow et al., 2006) . We collected tissue at the site of amputation either immediately (0dPA) or 3-days post-amputation (3dPA) and subjected the samples to LC/MS analysis. By comparing the proteomes at these two times we were able to identify and quantify 1517 differentially expressed peptides. These proteins were then classified according to the confidence of the peptide identification as shown in Table 1 .
A total of 489 peptides identified with a high confidence value (categories 1 and 2) were found to have statistically significant differences in expression at the two time points. Although we present data sets encompassing proteins higher in the 3dPA tissue and 0dPA tissue, we focus on the proteins with higher levels in 3dPA tissue relative to 0dPA. Eliminating those with FC lower than that of the internal standard, chicken lysozyme, we were left with a total of 145 differentially expressed peptides listed in Table 2 . Of the 145 individual peptides listed in Table 2 , 136 have identifiable protein names and are listed first, sorted according to peptide identification category (i.e. category 1 then 2) followed by the peptides whose sequences were identified only as hypothetical, unknown or novel. Each peptide is listed with its annotated protein name, UniGene identifier and the accession number associated with full-length mRNA sequences. Although our focus was on proteins elevated in response to amputation and the onset of regeneration, shown in Table 3 are the 220 peptides identified with high confidence whose levels were higher in the limb amputation site at the time of amputation (0dPA) relative to 3dPA.
Several identical (as well as different) peptides representing the same protein were identified in our screen and these peptides are listed independently in Tables 2 and 3 . The peptides were listed independently because either the FC values for the identified peptides were different or the peptide ID confidence values placed the peptides in different categories (i.e. category 1 versus category 2). Higgs et al. (2005 Higgs et al. ( , 2007 suggest that ~10% reproducibility in quantitative measurements is possible using label- Protein names are those determined from the peptide of highest confidence with the peptide sequence shown. The proteins are sorted by FC with category 1 peptides listed first followed by category 2. Only proteins with FC above that of the internal standard are listed. Accession numbers are those sequences that identified the peptide of highest confidence. Function refers to "Biological Process" as defined by the Human Protein Reference Database (HPRD). Protein names (or UniGene ID for unknowns) listed in bold type are those whose encoding gene was also found expressed at higher levels in stage 53 3dPA versus 1dPA (unpublished). Abbreviations: CG,M = cell growth and/or maintenance; CC,ST = cell communication, signal transduction; T = transport; PM = protein metabolism; M,EP = metabolism, energy pathways; RN = regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism; CP = cell proliferation, anti-apoptosis, cell growth and/or maintenance; A = apoptosis; IR = immune response; UNK = unknown; FC = fold change.
free proteomics. However, as our cut-off for determining whether or not to include multiple examples of the same peptide in Tables  2 and 3 , we used the more conservative value of 20% reproducibility in the FC differences between two or more instances of the same peptide.
A relatively large disagreement in fold changes for the same peptide in replicate measurements might be due to a number of subtle phenomena. For example, variable post-translational modifications such as oxidation, signal levels near the mass spectrometer's limit of detection, and the presence of co-eluting peptides with strong signals whose intensity or retention time changes, could all contribute to inconsistent fold changes across replicates. Taking into account the fact that different peptides representing the same protein (but with different FC values) were identified, Table 2 contains 122 unique annotated proteins along with the 9 unknowns, and Table 3 contains 192 unique annotated proteins and 10 unknowns.
In our previous array screens [ (Grow et al., 2006) and unpublished 3dPA data] we identified a much larger number of differentially expressed genes between two pairs of limb tissues. However, we believe that the total number of protein differences we found in the present study is highly relevant for several reasons.
Our complex proteomic analysis was carried out using tryptic digests from whole limb stump or blastema tissue. There was no fractionation of the samples prior to injection of the tryptic peptides into the LC column, yet we were able to identify 1517 differentially expressed proteins. Since subcellular fractionation prior to proteomic analysis can greatly enhance the identification of low abundance proteins (Mitulovic and Mechtler, 2006; Brown et al., 2007) , detection of such proteins is likely to be limiting in our assay. Indeed many proteins one might have expected to show significant FCs based on our previous array screens were not identified. In addition, we have analyzed the differences in gene expression between 1dPA and 3dPA in stage 53 limbs (unpublished) , and among those with higher expression at 3dPA are 30 genes encoding proteins listed in Table 2 (e.g. ANXA1, ITGVAV, IRF2BP2, SMARCA4, and PSAP). Lastly, as discussed below several proteins identified in our study have been shown to be differentially expressed in other models of limb regeneration.
The proteins found more highly concentrated in limb tissues following amputation were functionally classified by their biological process using categories defined by the Human Protein Reference Database [www.hprd.org; ref. (Peri et al., 2003) ]. As indicated in Table 2 most of the proteins are involved in cell growth Schebesta et al., 2006) , although the inflammatory process as a whole represents a poorly studied aspect in any model of epimorphic regeneration. To identify additional factors with immune-related activity among the proteins up-regulated three days after amputation, we compared our data with the results of gene expression analyses of various immune cell types, e.g. that of Abbas et al., (2005) and other reports of immune function. Among the 136 up-regulated proteins, 24 were identified as having immune-related functions (Table 4) . These include components of the coagulation pathway and of the complement cascade (C1QBP); proteins with antimicrobial activity (e.g. lactoferrin); markers for macrophages, neutrophils, and other leukocytes (e.g. granulin, vimentin, myeloperoxidase); as well as factors with both pro-and anti-inflammatory activity (e.g. interferon regulatory factor 2 binding protein).
Of the immune-related proteins differentially expressed in this screen we chose members of the annexin family for further analysis. Expression of annexins has been demonstrated in most molecular screens of regeneration markers in several model systems; and as discussed below, well-characterized functions of annexins have potential importance to the regeneration process. It is of interest that of 13 annexin family members four (ANXA1, ANXA2, ANXA5, and ANXA7) were significantly higher in the 3dPA blastemas compared to the 0dPA limbs. Each of these four annexins was detected at a fold change higher than the chicken lysozyme internal standard. By contrast only one annexin (ANXA6) was higher in 0dPA limbs (see Table 3 ).
ANXA1 and ANXA2 were each identified with multiple sequences and ANXA1 was among those proteins most strongly upregulated 3 days after amputation. Shown in Figure 1 are the relative protein expression levels, identified at 0dPA and 3dPA, for ANXA1 and ANXA2 and S100A10 (an important dimerization partner with ANXA2). These represent the mean expression level determined from the 10 independent injections (see Methods). Protein levels are presented as the log base 2 value after quantile normalization, and the fold change for these and all proteins in Tables 2 and 3 is determined from the antilog values of expression level.
In order to compare protein differences to gene expression level differences we assessed the relative expression levels before and after amputation of ANXA1, ANXA2, and S100A10 by quantitative RT-PCR (Figure 2 ). These results indicate that gene expression of all three is up-regulated 3 days after amputation. As and maintenance, cell communication or signal transduction, transport, metabolism and energy pathways. The cell growth and maintenance proteins include specific keratins that were identified in previous immunocytochemical studies as up-regulated in adult newt limb regeneration (see Discussion). Many other abundant proteins listed in Table 2 , including matrix metalloproteinases, fibronectin, type I collagen, vimentin, and non-muscle myosin have also been found to be expressed or concentrated more highly in regenerating adult urodele limbs using unrelated methods (reviewed by Geraudie and Ferretti, 1998) . Our identification here of many specific proteins shown by other investigators to appear after limb amputation in other species and using completely different experimental techniques, strongly supports the validity of the proteomics approach to the understanding of the regulation of regeneration in this system.
Since stage 53 limbs consist almost entirely of proliferating epithelial and mesenchymal cells it is not surprising that a significant percentage of the proteins we identified at elevated levels in such limbs (0dPA) are members of the DNA replication process, RNA synthesis and translation (Table 3) . Ribosomal proteins and translation factors represent 24% of the proteins identified by high confidence peptides. Protein families that are involved in replication, RNA synthesis and transport including replication licensing factors, histones, ribonucleoproteins and chaperones constituted the next highest percentage of identified peptides.
Amputation of stage 53 limbs interrupts the rapid cell proliferation to allow for epithelial closure of the wound and the inflammatory response which together initiate wound repair and then, by 3dPA, the events which lead to limb regeneration. Therefore, a reduced number of growth and proliferation associated proteins in the 3dPA tissue is to be expected and was in fact found. While, the peptides identified in our screen represent statistically significant differences between the two time points, it is still important to note that we did not find any peptides in 3dPA tissue that were also in 0dPA tissue (compare Tables 2 and 3) .
Proteins with immune function
Microarray and other gene expression studies suggest that proteins involved in immune defense and other aspects of inflammation are particularly important in the post-amputation regenerative response of amphibian limbs (Harty et al., 2003; Grow et al., 2006; Mescher and Neff, 2006) . Similar results are reported in other regenerating systems (Putta et al., 2004; Lien et al., 2006;  Fig. 1. Peptide fold-changes. Mean log2 intensity comparisons for ANXA1, ANXA2 and the ANXA2-binding partner S100A10. Relative protein expression levels at 0dPA compared to 3dPA represent the mean value determined from 10 independent injections. The intensities which are given by the area under the curve (AUC) from the extracted ion chromatography (XIC) were transformed to the log2 scale. Error bars show standard errors based on the ANOVA model. 
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Fig. 3 (Right)
. qPCR analysis of gene expression. Graphical representation of the qPCR determined level of ANXA1, ANXA2 and S100A10 expression, normalized to the expression of ODC, following limb amputation at regeneration-competent and incompetent stages. Expression levels of ANXA1 and ANXA2 and the ANXA2-binding partner S100A10 were assayed by qPCR. 0dPA, 1dPA, 3dPA and 5dPA refer to days post-amputation. 53 and 57 refer to Xenopus stages 53 and 57 respectively. Error bars represent the standard deviation from triplicate assays.
shown in Table 5 the fold increase from 0dPA to 3dPA is similar for both the mRNA and the protein as determined by LC/MS proteomics and qPCR. All three of these genes were also detected as differentially expressed in our gene array screen (Grow et al., 2006) . Microarray analysis (unpublished) showed a 2.8-fold increase in ANXA1, a 2-fold increase in ANXA2, and a 4-fold increase in S100A10 in regeneration-competent 3dPA versus 1dPA blastemas. Although a comparison of gene expression differences between 1dPA and 3dPA is clearly not identical to the 0dPA and 3dPA proteomics comparison, we can infer that many proteins whose levels are increased from 0dPA to 3dPA might also be reflected in an increase in gene expression between 1dPA and 3dPA. We showed previously by RT-PCR and qPCR analysis that several 3dPA immune-related genes (SOCS3, MyD88, gp96, and FGL2) were also greatly up-regulated relative to their levels in intact limbs (Grow et al., 2006) . In comparing the pattern of expression of these immune genes in the regeneration-competent limb (stage 53) to that in the non-competent limb (stage 57), we found that the amputation-induced expression was maintained to a much greater extent by 5dPA at stage 57. We therefore asked if the expression of ANXA1, ANXA2 and S100A10 showed a similar pattern. The expression of ANXA1, ANXA2 and S100A10 was assessed in stage 53 hindlimbs at 0, 1, 3, and 5 days after amputation and compared to expression in similar tissue from hindlimbs at stage 57. All three genes are up-regulated from 3-to 5-fold within one day of amputation in limbs at both stages ( Figure  3 ). In stage 53 limb stumps their expression is maximal 3 days after amputation (5-to 9-fold) but by 5 days had returned to levels similar to those present at 0 day, possibly reflecting resolution of inflammation as competent blastemas form. In stage 57 hindlimbs undergoing hypomorphic regeneration, the induced expression of these three genes peaks by 1 day after amputation (3-to 5-fold increases), but also returns to near baseline levels by day 5. Thus, the expression of annexins and S100A10 exhibits a pattern distinct from that of other immune-related genes that we have analyzed following hindlimb amputation.
Proteins expressed in stem cells
Since cells of the distal amputated limb stump undergo dedifferentiation and proliferate to form the regeneration blastema and the relationship of blastema cells to stem cells is not clear, we also wished to determine whether any of the abundant proteins significantly up-regulated 3dPA have been identified consistently in stem cells. Proteins listed in Table 2 were compared to those identified in mammalian stem cells primarily by proteomic analyses and recently reviewed by Baharvand et al. (2007) and others.
As shown in Table 6 nearly thirty of the abundant proteins of various functional classes up-regulated during blastema formation are also expressed in one or more of these stem cells. Eight of these proteins have also previously been shown by gene expression microarray data to undergo increased synthesis after amputation of stage 53 limbs (Grow et al., 2006) .
Discussion
LC/MS proteomic analysis of unfractionated tissue from stage 53 Xenopus hindlimbs at the time of and 3 days after amputation identified and quantified a total of 1517 mostly abundant peptides. Of these, 365 proteins were identified by multiple peptides each with a high level of confidence and found differentially expressed when comparing the two time points. The peptide sequences identified a total of 145 proteins which were found to be higher in 3dPA tissue compared to 0dPA (Table 2 ). These include proteins involved in many biological processes, with factors related to aspects of innate immunity or inflammation well represented.
One measure of the validity of the proteomic approach we used is the fact that we identified several proteins significantly more concentrated in 3dPA blastemas which have been previously shown to be up-regulated during limb regeneration by other investigators using other species and other analytical methods (Geraudie and Ferretti, 1998) . These include integrin αV (ITGAV), matrix metalloproteinase 9 (MMP9), collagen type I (COL1A1), fibronectin (FN1), vimentin (VIM) and specific keratins (KRTs). Approximately half of those listed in Table 2 were also identified among genes with significantly up-regulated expression in limb blastemas, as detected by Xenopus laevis microarrays (Grow et al., 2006) or other methods with Ambystoma limbs (Putta et al., 2004) or teleost fins (Katogi et al., 2004) .
A previous proteomic comparison of intact and regenerating adult newt limbs analyzed expression of specific proteins by quantitative 2-D gel electrophoresis and autoradiography (Tsonis et al., 1992) . One protein up-regulated approximately 10-fold in the early blastema was identified by partial sequencing as a homolog of Xenopus keratin B2, which we also found induced in this study (Table 2 ). Database comparison of the partial sequence reported by Tsonis et al. (1992) reveals further homology to newt keratin 17 (KRT17), the keratinocyte-specific antigen recognized by monoclonal antibody WE6. Estrada et al. (1993) localized WE6 expression in glands of newt skin and other mucosae, with weak staining in endothelium and smooth muscle. In limb blastemas KRT17 was strongly expressed in the wound epidermis but completely absent in underlying mesenchymal cells, and this same pattern of WE6 expression was also seen in amputated non-regenerating forelimbs of post-metamorphic Xenopus and Rana (Estrada et al., 1993) . In mammals KRT17 is also expressed in epidermal appendages (hair follicles, nail beds, sebaceous glands, and sweat glands, including myoepithelial cells) but in interfollicular keratinocytes only after acute injury or inflammation (McGowan and Coulombe, 1998) . Kim et al. (2006) have shown that KRT17 regulates protein synthesis and cell growth during keratinocyte migration and epithelial wound closure, an effect mediated by mTOR kinase with binding of KRT17 to the adaptor protein 14-3-3σ. This work suggests that KRT17 and other intermediate filament proteins that provide modulated structural support during cell migration also influence cell growth and death through dynamic interactions with non-structural proteins (Coulombe and Wong, 2004) .
Another keratin up-regulated in our study is KRT8, which has been previously shown by Ferretti to be transiently expressed in dedifferentiating mesenchymal cells 3-5 days after amputation in adult newt limbs (Corcoran and Ferretti, 1997) . Although KRT8 is well-known to dimerize with KRT18 as part of the cytoskeleton in simple epithelial cells, it has also been found to associate with ANXA1, suggesting a role in modulation of the inflammatory response (Croxtall et al., 1998; Rual et al., 2005) .
This proteomics study found increased levels of numerous inflammatory factors following amputation, which is consistent with the gene expression profiles of regenerating amphibian or fish appendages (Grow et al., 2006; Lien et al., 2006; Schebesta et al., 2006) . These include annexins, anti-oxidant proteins, complement components, galectins, granulin, cathepsins, vimentin, and factors that regulate transforming growth factor-β (TGF-β) signaling. Immunohistochemistry indicates that vimentin is localized primarily in scattered cells of stage 53 limbs and blastemas, particularly in Langerhans-like cells of the epidermis (Mescher et al., 2007) . Up-regulation of many such inflammationrelated genes is greater in limbs of prometamorphic Xenopus at regeneration-incomplete stages than in limbs at stage 53, which regenerate well (Grow et al., 2006) . One interpretation of these results is that the developmental state of the anuran immune system and the differentiation status and number of cells mediating the inflammatory response to trauma may determine the nature of the regenerative response to amputation (Harty et al., 2003; Mescher and Neff, 2005; Mescher and Neff, 2006) , a hypothesis consistent with current work on scar formation after injury to developing mammalian skin (Martin and Leibovich, 2005) .
Among the proteins showing a substantial increase three days after amputation at stage 53 are members of the annexin family, particularly ANXA1 and ANXA2, all of which were identified with multiple sequences. Annexins bind phospholipids in a Ca 2+ -dependent manner and help regulate a wide variety of cellular activities (Gerke and Moss, 2002) . ANXA1, whose expression is up-regulated by glucocorticoids, is one of several anti-inflammatory mediators that operate locally to ensure the transient profile of the inflammatory reaction, i.e. to prevent chronic inflammation with its potential for tissue damage (Perretti and Flower, 2004) . ANXA1 and ANXA2 lack signal peptides but can be exported to the cell surface or ECM in a dimeric complex with S100A10 (Svenningsson and Greengard, 2007) another protein found to be up-regulated at 3dPA (Table 2) . Complexed with S100A10 on the cell surface, ANXA2 binds plasminogen and promotes other key effects during inflammation, including the localized generation of plasmin important for focused degradation of the ECM and cellular invasiveness (Kwon et al., 2005a) ; stimulates the release of the angiogenesis inhibitor angiostatin as plasminogen undergoes autoproteolytic cleavage (Kwon et al., 2005b) ; and triggers the plasmin-induced release of tissue factor (TF), IL-1, TNF-α, monocyte chemoattractant protein-1, and other factors from monocytes (Laumonnier et al., 2006) .
The important roles of ANXA1 and ANXA2 as highly localized anti-inflammatory factors make these proteins prime candidates not only in regulating local activities in the amputated limb but also in determining whether inflammation is short-lived or prolonged. ANXA2 expression is up-regulated during both tail (Tazaki et al., 2005) and limb (Grow et al., 2006) regeneration in larval Xenopus. The activity of the ANXA2-S100A10 heterotetramer in stimulating plasmin-induced expression of TF in activated monocytes (Laumonnier et al., 2006) may be important for the localized production of TF and thrombin required for initiating regeneration in both newt limbs (Morais da Silva et al., 2002) and lens (Godwin and Brockes, 2006; Imokawa and Brockes, 2003) . Such studies add considerable interest to the ANXA2-S100A10 heterotetramer as an inflammatory component to be examined during regeneration.
We show here that expression of ANXA1, ANXA2, and S100A10 is up-regulated within one day after amputation in limbs of both stage 53 and stage 57 larvae (Figure 3 ). Expression of all three genes remains elevated 5 days post-amputation in limbs of stage 57 larvae, but declines during this period in limbs of stage 53 larvae, an expression pattern shared with several other inflammation-related genes (Grow et al., 2006) . These results are consistent with the view that inflammation is prolonged in the "pseudoblastemas" of regeneration-incompetent limbs, but is resolved more quickly in the limb stumps of stage 53 larvae which regenerate almost completely. Taken together with evidence from mammalian studies (Perretti and Flower, 2004) , it is highly suggestive of a role for ANXA1 in determining the course of inflammation and its resolution.
Microarray studies of mammalian wound healing and the use of transgenic or knockout models for specific leukocytes or cytokines have made increasingly clear that the inflammatory phase of repair determines the extent of scar formation or the quality of tissue regeneration (Harty et al., 2003; Cooper et al., 2005; Martin and Leibovich, 2005; Mescher and Neff, 2005; Eming et al., 2007) . Such studies also reveal that activation of proinflammatory genes and cytokines is generally accompanied by activation of anti-inflammatory genes and expression of mediators which down-regulate aspects of the inflammatory response (Babbin and Gewirtz, 2005; Martin and Leibovich, 2005) . The balance of activities between pro-and anti-inflammatory factors characterizes the normal sequence of inflammatory events, including recruitment of leukocytes, killing and removal of potential pathogenic invaders, and removal of dead tissue, followed by an active process of resolution that ends these activities (Ariel and Serhan, 2007) . Circumstances which produce excessive or prolonged pro-inflammatory activity can lead to chronic wounds or excessive scarring. In addition to fetal skin, experimental manipulations that reduce the number of inflammatory cells, or signaling from certain mediators such as TGF-β after wounding, lead to faster repair, reduced scarring, and possible restoration of normal tissue architecture (Harty et al., 2003; Martin and Leibovich, 2005) .
Finally, since cells of the distal amputated limb stump undergo dedifferentiation and proliferate to form the regeneration blastema and, the relationship of blastema cells to stem cells is not clear, we also wished to determine whether any of the abundant proteins significantly up-regulated in 3dPA have been identified consistently in stem cells. Proteins listed in Table 2 were compared to those identified in mammalian stem cells primarily by proteomic analyses and recently reviewed by Baharvand et al. (2007) and others. As shown in Table 6 nearly thirty of the abundant proteins of various functional classes up-regulated during blastema formation are also expressed in a variety of cultured mammalian stem cells. Expression of these blastema proteins was most commonly shared with mesenchymal and adipose-derived stem cells. Eight of these proteins up-regulated in both blastema and stem cells have also been shown to have increased gene expression in limbs following amputation (Grow et al., 2006) . Table 6 only includes proteins from categories 1 and 2 that are significantly up-regulated 3 days after amputation; proteins in category 3 (identified from multiple peptides with a confidence of 75-89%) include several others with expression shared by stem cells, including Tpt1 (translationally controlled tumor protein-1, TCTP), which was recently found to be an activator of the oct4 and nanog pluripotency transcription factors during reprogramming of transplanted somatic nuclei in Xenopus eggs (Koziel et al., 2007) . Further analysis of proteins expressed in both the blastema and multiple stem cells should yield insights into the nature of cellular dedifferentiation in the limb stump and the possible involvement of stem cells in limb regeneration.
This proteomic study, together with the screens of gene expression during early regeneration, reveals that both pro-inflammatory and anti-inflammatory activities are up-regulated in amputated amphibian limb stumps. This raises the likelihood that ideas emerging from recent work on mammalian wound healing regarding the control of scarring and tissue regeneration will prove applicable to limb regeneration and will yield greater understanding of the ontogenic decline of regeneration in anurans. Together with comparisons of proteomic and gene array analyses of stem cells, further work on the role of inflammation during the early phase of regeneration will yield additional insights into the molecular bases of dedifferentiation and other aspects of epimorphic regeneration.
Materials and Methods
Limb amputation and blastema collection
Larval Xenopus laevis were raised in the laboratory or obtained commercially (NASCO, Ft. Atkinson, WI.) and hindlimbs were staged according to Nieuwkoop and Faber (1967) . All surgical procedures were performed according to procedures approved by the Indiana University Animal Care and Use Committee following anesthesia in 0.005% benzocaine. Hindlimbs at stage 53 (when regeneration is essentially complete) were amputated bilaterally at the mid-zeugopodia. Immediately (0dPA) and 3 days (3dPA) after amputation, tissues were collected 1mm proximal to the original plane of amputation and pooled for proteomic analysis.
Tissue preparation, LC/MS/MS and data analysis
All processing of tissues, mass spectrometry and statistical analysis of data was carried out under contract with Monarch Life Sciences, LLC (Indianapolis, IN.), formerly the Indiana Centers for Applied Protein Science (INCAPS), a fee-for-service contract research company formed through Indiana University, Eli Lilly & Co, and other organizations. A total of 10 pools of tissue each from 0dPA and 3dPA limbs stumps was collected and processed for protein digestion. Each pool of tissue consisted of 120 hindlimb or blastema pieces. Tissues were homogenized and the resultant lysates were reduced and alkylated by triethylphosphine and iodoethanol and then digested with trypsin as described (Higgs et al., 2005 and . Peptide concentration in each pool was determined by the Bradford protein assay. All procedures for quantification of proteins, assurance of quality of the results and statistical analysis were carried out according to the detailed steps outlined by Fitzpatrick et al. (2007) and Monarch Life Sciences, LLC. Details of the Methods used in this publication are included as supplementary materials.
Reverse-transcription and quantitative PCR (qPCR)
Analysis of the expression of several annexin genes and S100A10 was carried out using quantitative RT-PCR essentially as described by King et al. (1998) . Total RNA samples were extracted using the RNAqueous Micro system (Ambion, USA). Reverse transcription reactions were carried out using 1μg of total RNA purified from indicated sources. Each qPCR was carried out using the equivalent of 2.8 ng of input RNA. As a control for RNA loading into the RT reaction, expression of Xenopus laevis ornithine decarboxylase (ODC) was assayed (King et al., 1998) . The primer sequences are: ANXA1 (accession BC053786) upstream: 5'-cagatctgcattcagtccttgatc-3', downstream: 5'-gcttgcctacgctcttttggtaag-3'; ANXA2 (accession M60768) upstream: 5'-ggaaatcaatcatgtgcaaggcag-3' downstream: 5'-tttccagattgccagaaagcgctc-3'; S100A10 (accession M538593) upstream: 5'-tgcaacgagtattacgtcaaacac-3', downstream: 5'-atggagggtaaatctggaatagag-3'.
Quantitative PCR was performed utilizing the Mx3000P QPCR System (Stratagene, USA.). Fluorescence detection chemistry involved utilization of SYBR green dye master mix (Bio Rad, USA.) and was carried out as described (Grow et al., 2006) . Each RT reaction was equalized for RNA input by assessing the level of expression of the relatively invariant housekeeping gene ornithine decarboxylase (ODC) and quantitative expression of each gene of interest was then normalized to the level of ODC.
